Inhibitors of DNA helicases have potential applications to screen anti-virus and anti-tumor drugs. The screening of compounds to inhibit helicases of hepatitis C virus (NS3), herpes simplex virus (UL5), and papillomavirus has been reported.
MATERIALS AND METHODS
Sequences of the double-strand DNA substrate were: 1) donor strand oligonucleotide, 5Ј-TAMRA (6-carboxytetramethylrhodamine)-TAGTACCGCCACCCTCAGAAC-CTTTTTTTTTTTTTTT; and 2) acceptor strand, 5Ј-TAGT-ACCGCCACCCTCAGAACC-BHQ (Black Hole Quencher)-2; 3) A-trapper, 5Ј-TAGTACCGCCACCCTCAGAACC; 4) B-trapper, 5Ј-GGTTCTGAGG-GTGGCGGTACTA. Actinomycin D, adenosine 5Ј-O-(3-thiotriphosphate) (ATP-g-S) and SYBR Gold (SYBR ® Gold) were purchased from Sigma (St. Louis), Roche Diagnostic (Tokyo) and Molecular Probes (Oregon), respectively. TAMRA-and BHQ-2-labeled oligonucleotides were obtained from Hokkaido System Science Co., Ltd. (Sapporo). The substrate oligonucleotide DNAs were prepared by heating single oligonucleotides at 90°C for 5 min and then by cooling to room temperature. TAMRA is a stable dye, and BHQ-2 is a highly efficient quencher that strongly prevents fluorescence of TAMRA without emitting its own fluorescence leading to a low background. This TAMRA/BHQ-2 system has an advantage over a system using a quencher that is based on a distancedependent fluorescence resonance energy transfer. [8] [9] [10] Preparation of WRN Helicase WRN helicase was expressed using the baculovirus vector/Sf9 system, and was purified as previously reported.
11) Briefly, infected cells were collected and resuspended in ice-cold PBS and the recombinant proteins were purified by 6ϫHis affinity chromatography.
Helicase Assay The reaction conditions for WRN helicase activity were optimized with 50 ml of reaction mixture containing 50 mM Tris-HCl (pH 7.5), 2 mM 2-Mercapto ethanol, 5 mM MgCl 2 , 1 mM ATP, 20 mg/ml bovine serum albumin, 90 mM NaCl, 5 nM WRN helicase, 2 nM DNA substrate, and the trapper single strand DNA at various concentrations in glass bottom 96-well plates (Whatman, Clifton, NJ, U.S.A.). The reaction was done at 37°C for the indicated period shown as the "reaction time" in each figure, and then was stopped by adding 10 ml of 5ϫ stopping dye solution containing 0.1% xylene cyanol (Nacalai Tesque, Kyoto), 100 mM Tris-HCl, and 50% glycerol. The reaction mixtures in 96-well plates were read using an Olympus MF10S (543 nm, laser power; 300 mW, 0.5 S) three times for each well, and an aliquot of each reaction mixture was analyzed using 15% polyacrylamide gel electrophoresis (PAGE) with an electrophoresis buffer (pH 8. Fluorescence Detection System MF10S We used a MF10S (Olympus) single-molecule fluorescence detection system for quantitative analysis of unwound TAMRA-labeled DNA strands. This system permits the detection of fluorescent signals coming from a small volume (10 Ϫ15 l) of reaction mixture by the optics of a confocal microscope. Samples at several nanomolar concentrations contain a few molecules in the volume, so signals directly reflect the intensity and the number of fluorescent molecules. The number of fluorescent signals was expressed by the "countrate" that indicates the number of photons in each second detected in an area being measured.
12) RESULTS AND DISCUSSION
We chose TAMRA as a reporter because it is easy to label the substrate oligonucleotides and is not expensive. We then compared the sensitivity to detect TAMRA-labeled DNAs between two detection systems, the MF10S and a Wallac multilabel counter (Perkin-Elmer, Tokyo) which is often used for high-throughput screening (HTS) (Fig. 1 ). The sensitivity with the MF10S system was found to be about 100-fold higher than that of the Wallac system, and moreover, the background associated with MF10S was low, giving rise to the reproducible results. As a result, the combination of TAMRA and MF10S could reduce the amounts of both substrate and enzyme, rendering the system almost equivalent to the radioisotopic system. Based on these results, we applied the MF10S system for helicase assay. An assay system for WRN helicase that uses the MF10S single-molecule fluorescence detection system was assessed under various reaction conditions and the results were compared with the results obtained from PAGE analysis simultaneously done using the same reaction products.
Effect of Trappers WRN helicase unwinds double strand DNA. 6, 11, 13) The unwinding reaction of double-strand DNA by WRN helicase requires trappers in vitro to stabilize the resultant single strand DNA by preventing reannealing. 14) Figure 2 shows the outline of the reaction. The efficiency of two types of trapper oligonucleotides, A-trapper and B-trapper, for binding the unwound DNA strand was compared ( Fig. 2A) . A-trapper and B-trapper form duplexes with BHQ-2 labeled and TAMRA-labeled strands, respectively. The partially double-stranded DNA substrates consisting of TAMRA-labeled and BHQ-2-labeled strands were mixed with either A-trapper or B-trapper, and the mixture was incubated with Werner helicase. The trappers inhibited re-formation of the duplex between the original substrate DNA strands, making the detection of reaction products more efficient. The fluorescence of TAMRA near BHQ in duplex oligonucleotides was suppressed to very low levels, but the fluorescence of TAMRA in a single oligonucleotide apart from BHQ was strong. Figure 2B shows the results of the analysis using the Olympus MF10S. A-trapper was more efficient than B-trapper, which was confirmed by the assay that used PAGE (Fig. 2C) . Therefore, we used A-trapper in the following experiments.
Dose Dependency of A-Trapper Figure 3A shows the dose-dependency of A-trapper in the assay using the MF10S. The unwinding reaction nearly reached a plateau at 50 nM of A-trapper. A similar result was obtained by the independent assay system using PAGE. The good correlation between the results by MF10S and PAGE guarantees that the system using MF10S could be used for quantitative assay of WRN 10 Vol. 28, No. 1
Fig. 1. Comparison of Sensitivity between MF10S and Wallac Systems
The countrate of TAMRA-labeled oligonucleotide was determined either by the MF10S or Wallac system. Vertical and horizontal axes indicate countrate and concentration (mM) of TAMRA-labeled oligonucleotide, respectively. Each point represents a mean of 5 samples and vertical bars indicate standard deviation. helicase and other DNA helicases instead of PAGE using radioisotopes. The exonuclease consisting of an integral part of Werner helicase 6, 15) does not seem to affect the assay system under the conditions tested in this study.
Time Course Figure 4A and 4B show the time course of the reaction using the Olympus MF10S and PAGE, respectively. Figure 4C shows the quantitative intensity of the fluorescence image after the PAGE, which was calculated by image-analysis software. In both assay systems, the reaction nearly reached a plateau after 20 min. Thus, this system can monitor in real-time a helicase-catalyzed reaction process by using the increase in fluorescence.
Effects of Inhibitors The effects of three kinds of inhibitors on Werner helicase activity were investigated to test if the MF10S system can detect inhibitors of WRN helicase. Actinomycin D, an antineoplastic antibiotic that forms a stable complex with DNA, inhibited the activity of Werner helicase at 10 mg/ml (8 mM) or below, reaching a plateau at 20 mg/ml (16 mM) or more, and had a maximal inhibitory effect of about 30% (Fig. 5A, D) . ATPgS, which inhibits ATPdependent enzymes by competing with ATP, showed a more than 60% inhibitory effect at 20 mg/ml (36.6 mM) (Fig. 5B,  E) . SYBR Gold, a reagent that has a high affinity for DNA and RNA, showed about 70% inhibition at a concentration of 10 Ϫ3 dilution of the original solution when analyzed by a standard 300 nm UV transilluminator. SYBR Gold has strong fluorescence by itself, and it interfered with the assay system (Fig. 5C ): The fluorescence of SYBER Gold was visible as strong bands at the top of the PAGE gel (Fig. 5F ). These results indicate that the MF10S system can be used as a screening system for compounds that show anti-WRN helicase activity.
Thus far helicase activity has been identified by the reaction products of radioisotope-labeled substrates using PAGE. High-throughput screening systems based on fluorescence resonance energy transfer (FRET) also have been developed. 8, 9, [16] [17] [18] The FRET system is proven to be useful to monitor the reactions catalyzed by helicase, because the results by two systems using radioisotopes and fluorescence coincided very well. 15) Comparing these systems, the MF10S system has the following advantages: 1) the cost of the assay system is cheaper and a high signal-to-noise ratio was achieved by using the strong, dark quencher BHQ. 2) simultaneous monitoring of enzymatic analysis using the same reaction products by MF10S and PAGE is possible, enabling the compounds to be assessed by indigenous fluorescence, as seen with SYBR Gold (Fig. 5C, F) ; 3) MF10S is more sensitive than FRET because the optics of a confocal microscope are used; 4) problems due to air bubbles as seen with the FRET system are avoided because the MF10S system allows fluorescent signals to come from a small volume element (10 Ϫ15 l); and 5) the time required for analysis is much shorter compared with the PAGE-radioisotope system that is often accompanied by a degradation of compounds. See also the legend of Fig. 2B (C) . The intensity of fluorescence image of each band was calculated using Image Analysis Software (Hitachi Software Co., Ltd.).
The MF10S system has the potential to screen anti-cancer drugs. First, because the down-regulation of WRN helicase is expected to cause an increase in the sensitivity of dominant negatively expressed cell lines against 4NQO. 19) Second, because the MF10S system described in this paper could also monitor the inhibitory effect of adriamycin (data not shown) that has an intercalating activity and is used as an anti-tumor drug. 20, 21) The inhibition was measured using the MF10S. The same samples were also analyzed by PAGE: actinomycin D (D), ATPg S (E) and SYBR Gold (F). The strong fluorescent band near the wells in F is due to the fluorescence of SYBR Gold itself which is also reflected in the increase in the countrate at higher doses in C.
